The presence of obsidian in the Near East has always evoked a response about its exotic nature and origins. It was not until 1960s, however, that this was put onto a scientific footing when Colin Renfrew and his collaborators began to explore obsidian in Turkey and the Mediterranean. Their characterisation of the sources allowed them to attribute artefacts to different sources and suggest models of dispersal and distribution. Since then considerably more artefacts have been attributed to sources, although mostly only small numbers from individual sites; this has led to various interpretations of how obsidian was obtained and used; new studies have considered least cost path analysis, network analysis and agent based modelling. Increasingly, new methods of provenancing of artefacts have also meant that large number of artefacts can be analysed relatively speedily and efficiently. Portable instruments allow data to be collected outside laboratories, avoiding restrictions imposed by export licenses or simplifying work on museum collections. Here we employ richness and diversity indexes to elucidate some of the patterns in obsidian source use and argue that there are several reasons why the provenancing of large proportions of assemblages will be critical in exploiting the true potential of obsidian studies in the Near East, even though the initial haphazard, small sample approach has been quite effective in sketching out the big picture.
Introduction
In the Middle East obsidian only occurs naturally in certain regions but it was widely used to make tools from early prehistory. In the earlier Palaeolithic, that use was only near to source (Kuhn et al., 2015; Yalçınca, 1998) but, ca. 40,000 years ago, it began to be acquired by people far from the sources, something which intensified through time (Frahm and Hauck, 2017) . As a raw material, it is sufficiently distinctive in appearance to be easily recognized as an exotic material so is likely to have been as attractive to prehistoric peoples as to modern archaeologists, albeit for different reasons.
For archaeologists, the possibility of being able to match the obsidian used to make tools to its geological source offers many interpretative possibilities, including exchange systems, social networks and symbolic meanings. We should remember, too, that prehistoric people might have been, at least on some occasions, aware of the distant origin of the material they exploited and this may also have been an influence on the way that its meaning was constructed (Maeda, 2003 (Maeda, , 2009 (Maeda, : 144, 150, 153, 2013 Carter et al., 2013) .
Our understanding of which sources were important depends almost entirely on artefacts which have been provenanced from excavated sites which are mostly far from the sources. There is very little evidence for occupation at the sources themselves after the Middle Palaeolithic, apart from some workshops and campsites on the Göllüdağ source (Balkan-Atlı et al., 2013: 468) .
The most systematic overview remains that of Christine , which built on and consolidated Renfrew et al.'s (1966 Renfrew et al.'s ( , 1968 work, even though much more obsidian has now been analysed. It indicated that a very high proportion of the obsidian provenanced comes from three compositionally distinct sources, namely Göllüdağ East, the peralkaline sources of Nemrut Dağ/Bingöl A (which although 150 km apart have proved difficult to distinguish compositionally) and the calcalkaline source at Bingöl B with other sources playing a lesser and sometimes very minor role. While Nemrut Dağ and Bingöl A are now generally distinguishable (Chataigner, 1994; Frahm, 2012a; Carter et al., 2013) , the essential pattern remains the same, with a very limited set of sources apparently dominating the supply of obsidian. However, as Chataigner herself pointed out (1998: 322) , this overview was based on a small number of artefacts from each assemblage relative to the numbers excavated so it has probably underestimated the number of secondary sources present. It is also a picture that has often been based around the site as the primary unit of analysis, when most sites have long periods of occupation and potential variation in specific phases and sub-contexts (already implicit in the phasing in the tables in Chataigner 1998). Now, however, advances in analytical techniques (e.g., Poupeau et al., 2007; Carter, 2014; Forster and Grave, 2012; Frahm, 2013 ) make it increasingly feasible to provenance many artefacts from single assemblages (or even entire assemblages) and to link techno-morphological attributes to provenance data in a way that has hitherto not been possible (e.g., Maeda, 2013; Carter et al., 2014; Milić, 2014; Campbell and Healey, 2016) . This starts to change our approach to understanding obsidian use in the past.
Background to this study

The sources
The geological occurrences of obsidian in the Middle East that are of particular importance in this article are concentrated in three main regions central Anatolia, south-east Anatolia, and north-east Anatolia, Armenia and Georgia (Fig. 1) . The large majority of obsidian found in Mesopotamia and the Levant originates from sources in mountainous regions of central Anatolia and south-east Anatolia.
Obsidian from sources further afield to the north and east is only rarely present. While geological sources of obsidian can also be found in the south-west of the Arabian Peninsula and East Africa, and in the north-west Anatolian, Mediterranean and Carpathian regions, the use of these sources of obsidian is not documented in most of the Middle East.
Behind this apparently straightforward picture, the reality is much more complex. Our knowledge of specific source areas is still quite variable. Recent geological and geophysical surveys of Göllüdag (Binder et al., 2011) , Nemrut Dağ (Robin et al., 2015; Robin et al., 2016) , north-east Anatolia (Chataigner and Gratuze 2014a, 2014b ; see http://geobs.univ-rouen.fr/; Akköprü et al., 2017) , Meydan Dağ and elsewhere by the McMaster Obsidian Procurement Expedition (see https://maxlab.mcmaster.ca/research-projects/mcmaster-obsidian-procurement-expedition-mope), as well as Biagi and Gratuze's survey of Paravani /Chikiani in Georgia (Biagi and Gratuze, 2016) , demonstrate that the physical availability of obsidian as well as its elemental composition is often considerably more complicated than initially appreciated (cf., Shackley, 2008; Poupeau et al., 2005; Binder et al., 2011; Robin et al., 2016) . In many cases, it is clear that the locations from which people obtained obsidian in the past were the geological outcrops themselves, as the quarry workshops at the Göllüdağ source indicate (Binder et al., 2011) , but in other cases obsidian was probably mainly obtained from secondary sources such as river beds.
Source characterisation and geo-referenced data sets
As our knowledge of the complexity of the sources increases, successful attribution of artefacts to source obviously depends on the availability of an up-to-date and comprehensive geo-referenced library. In the main, the most used sources are better documented and are represented in most reference collections of source material. In some cases, the compositions of the major sources are very distinctive and can be identified with reasonable certainty from published data. For example, Bingöl B does not overlap with other compositional groups across many elements, while the peralkaline obsidians of Bingöl A and Nemrut Dağ cannot easily be confused with other sources. In other cases, the distinction can be more problematic. The composition of Göllüdağ East obsidian is less easily distinguished from obsidian from Armenian sources such as Syunik, unless the analyst has access to source material from both areas. In the Levant and Mesopotamia, this may appear to be a peripheral problem, as Göllüdağ East is very common and Armenian obsidian extremely rare in prehistory but, as discussed below, in later Mesopotamia at least, Syunik does become significant as a source. When it is important to understand less common sources it becomes significant that they are both less well represented in reference collections and also less well documented in publications. This situation is gradually changing, with detailed studies of new obsidian source areas noted above, but progress remains slow and patchy. Attribution of artefacts to particular sources from older publications sometimes remains problematic, with misattributions to sources that were inadequately understood (e.g., Frahm et al., 2016) or the attribution of artefacts to, at the time, unknown sources. Unfortunately changes in techniques and limited use of international standards can make it difficult to solve these problems in retrospect. At the same time, obsidian source analysis is becoming more accessible, especially through the widespread use of portable X-ray Fluorescence (pXRF) instruments. While this brings many advantages (e.g., Frahm, 2013; Frahm et al. 2014) , without empirical calibration to standards it can be easy to generate poor quality results that rely too heavily on published source data rather than using a comprehensive source data set analysed with the same instrumental setup (Nazaroff et al., 2010; Speakman and Shackley, 2013; Wilke, 2017) . While attributions to the more common sources are overwhelmingly reliable, in both legacy data and some recent studies, artefacts from the less common sources may be underrepresented, which will impact our interpretation of the use of minor sources.
Access to the sources and obsidian acquisition
The mechanisms of the dispersal of obsidian from the sources has been a topic of discussion since Renfrew's seminal work in the 1960s and 1970s (Renfrew et al., 1968; Renfrew, 1975 .
He modelled distribution on the basis of quantity and distance from source, and his supply and falloff zones still provide the vocabulary for many discussions of obsidian exchange. While some elements of Renfrew's model still remain valid, despite the limited data, where studies have considered the form in which the obsidian reached a site and how it was worked, a more nuanced picture emerges. At Çatalhöyük, for example, two different modes have been noted, one in which quarry flakes were collected from no longer active workshops on Göllüdağ and taken back to site for working; the other in which obsidian from active workshops was reduced at the workshop prior to export (Carter and Milić, 2013a, 2013b) . So too at Körtik Tepe in the Upper Tigris region, between 125 and 140 km from the nearest sources, the obsidian from Nemrut Dağ and Bingöl A was acquired as unmodified nodules, whereas that from Bingöl B was partly prepared before 'export' to Körtik
Tepe (Carter et al., 2013: 561) . Later at Tell Hamoukar, in northern Syria, unworked nodules from the Bingöl source area were present along with a full chaîne opératoire relating to blade production suggested direct access to the source (Khalidi et al., 2009: 891) . In the case of a parcel of blades found at Tell Sabi Abyad, some 300 km distant from the source, Laurence Astruc et al. (2007) have offered two models of acquisition and dispersal both based on direct access to the source but with different ways of reaching the end location.
Other approaches have used formal modelling. One, in Armenia where multiple sources are potentially accessible, used travel costs and isochrones around the source with least cost path analysis to investigate potential routeways and the time needed to reach them. This has shown that the nearest source was not necessarily the preferred one (Chataigner and Barge, 2008) . Although it can be a useful tool in investigating relative distances in geographical terms, least cost path analysis only considers a very limited set of physical parameters, potentially very different from the way people live and behave; other factors such as vegetation, time of year, family and social connections and significant features in the landscape cannot be ignored (Cummins and Johnston, 2007; Supernant, 2017 ; see also Section 3.1 below).
Small world network analysis provides a different approach. It has been used to explore the uneven distribution of obsidian to Pre-Pottery Neolithic B (PPNB) communities in the Levant based on distance from the nearest source and the amount of obsidian present, but not its origin. This is promising in that it suggests that some communities can get more direct access to the supplier than others and more complex networks, which include the possibility of multiple sources being involved, are being investigated (Ortega et al., 2014; Ibáñez et al., 2015; Ortega et al., 2016; Ibáñez et al., 2016) .
The possible role of pastoral nomads in the distribution of obsidian from sources in south-east Anatolia has also been noted (e.g., Crawford, 1978; Chataigner, 1998: 308; Frahm and Feinberg, 2013a ) and ethnographic studies of migration routes of twentieth century AD transhumant nomads may indeed mirror obsidian distribution patterns (Frahm and Feinberg, 2013a: Fig. 10 ). Indeed at Tell
Hamoukar, the presence of raw nodules from the Bingöl region may indicate direct access to the source, perhaps through semi-sedentary people who incorporated both Bingöl and Hamoukar in their seasonal cycle (Khalidi et al., 2009: 891) . Anthropological studies of expeditions to source areas more generally emphasise not only questions surrounding ownership and regulation of quarries, but also that extraction is frequently surrounded by, taboos, rituals, traditions and protocols (e.g., Tacon, 1991; Cooney, 1998; Stout, 2002; Robinson, 2004: 97; Topping and Lynott, 2005 and papers therein; Brumm, 2010) , factors which are difficult to model.
Access to source must have been affected by multiple factors including distance, the complexity of the source distribution in a particular region, the type of terrain to be crossed and travel time, as well as seasonal conditions (e.g., most sources are snow covered for large parts of the year). Social networks and the political landscape undoubtedly also played a role.
However, most of these approaches have depended on the provenance analysis of a small number of artefacts and usually a small proportion of the assemblage. In this paper, we investigate the possible outcomes when many more artefacts are provenanced and use richness and diversity indexes to bring new perspectives to the acquisition and use of obsidian.
The assemblages
Although much of our knowledge of the exploitation of each source depends on the geochemical analysis of small samples of artefacts, initial attempts to engage with complete site assemblages were approached by grouping entire assemblages according to visual characteristics. In the Middle East, green obsidian almost always comes from the peralkaline sources of Bingöl A and Nemrut Dağ.
Thus, Renfrew compared the use of green to grey obsidian at Tell Shimshara, Jarmo and sites in the Deh Luran Plain (Renfrew, 1969 (Renfrew, , 1970 . Others have grouped obsidian assemblages according
to its visual characteristics and tested the validity of the groups by sampling with geochemical analysis (Healey, 2000; Maeda, 2003; Healey and Campbell, 2009; Milić et al., 2013) . Visual characterisation remains useful for an initial overview and in separating secondary sources from primary ones (Kobayashi, 2006) and has been employed following a strict protocol at Çatalhöyük to cope with 10,000s of artefacts where sources have been shown to be visually distinctive and limited in range (Milić et al., 2013) . In some cases, it may indicate a deliberate choice of certain obsidians (Section 3.2 below).
With increased availability of non-destructive or near non-destructive methods and growing use of portable instruments it is now possible to characterise large proportions of, or even entire, assemblages. This brings new perspectives on how sources were exploited as well as raising questions about the comparability of provenance analysis of large and small data sets.
Large sample sizes significantly increase the range of interpretations of obsidian acquisition and use that can be explored. This is not simply related to overall sample size but because samples are inherently non-unitary. Older approaches often took the site as the key analytical unit. The key areas of interpretation were the date of the site, the percentage of chipped stone made of obsidian at that site and the sources exploited. Sometimes this is appropriate, and has remained a mainstay of recent approaches using network analysis and indeed is used later in this article. However, sites contain different chronological phases and each phase may be composed of multiple contexts, depending on the extent of excavation and how contexts are defined. Assemblages of obsidian also need to be considered as products of technological processes designed to produce different types of artefact rather than as static units. Analyses focussing on production, style and function need to consider multiple sub-divisions, all of which may be relevant to understand the use of a particular material.
The benefits of these approaches can be illustrated by a number of examples. In the Rouj Basin (Maeda, 2003 (Maeda, : 181-182, 2009 ), the majority of the obsidian was obtained from Cappadocian sources during the late PPNB and early Ceramic Neolithic phases (ca. 7000 cal BC) but there is a significant switch to eastern sources at Tell Aray I between Rouj 2c and 3 periods (i.e. in the Halaf, ca. 6000-5400 cal BC) suggesting a change in obsidian supply, although the same technological practices were maintained. At Çatalhöyük, a gradual change both in technology and source choice has been demonstrated during the occupation of the site (Carter and Milić, 2013a, Fig. 21.2; Carter and Milić, 2013b) . At Pre-Pottery Neolithic A (PPNA) Körtik Tepe in the Upper Tigris region, the larger sample size demonstrated that obsidian from Bingöl B was acquired in a different form to that from other sources, although once at site all were treated similarly . At Kenan Tepe, Group 3d obsidian appears to have been acquired in a raw state and worked using different techniques from the other obsidians present, as well as with a nuanced pattern of change over relatively short periods of time .
In contrast to research carried out in the Americas or Japan, this level of analysis of large assemblages is still in its infancy for Middle Eastern assemblages (Frahm, 2012c) . The examples cited above are distinctive because they remain atypical. In future, provenancing of large proportions of assemblages will be increasingly significant in exploiting the true potential of obsidian studies in the Middle East. However, while larger sample sizes may be inherently desirable, it remains the case that many sites will remain represented by small samples. The amount of obsidian at some sites is simply very low, or the excavated area is small. Sites with legacy data from small samples will often remain important. Our approaches need to be sufficiently flexible to combine the different types of data.
At most sites in the Middle East, the majority of the obsidian comes from a very restricted range of sources but at many of these sites small quantities of obsidian from a much wider range of sources are also present. On the one hand, we need to understand the majority sources that make up the bulk of the assemblages at individual sites, while at the same time balancing this with an understanding of the small minority of obsidian that comes from the more rarely used sources. We would argue that these have complementary value in providing insights into different aspects of obsidian use in the past and suggest that richness and diversity indexes may be a useful way of elucidating this.
Methodology
The analysis in this article is based on two main sets of data. One is the increasing number of published provenance analyses of obsidian artefacts. The second is preliminary data from the evolving set of analyses being carried out in the Manchester Obsidian Laboratory (MOL) by the authors at the University of Manchester. A feature of both these data sets is that more recent work is starting to analyse large samples, and sometimes almost entire assemblages. Published examples include artefacts from Çatalhöyük (Carter and Milić, 2013a) , Körtik Tepe , Abu
Hureyra (Carter et al., 2012) , Tell Aswad 1 (Orange et al., 2013) , Qdeir 1 (Orange et al., 2013) , the Rouj Basin (Maeda, 2003; Maeda, 2009) , Tell Labwe south (Khalidi et al., 2013) , Tell Mozan (Frahm, 2010) and Sos Höyük (Kobayashi, 2006) .
The analyses of large data sets in the Manchester Obsidian Laboratory is ongoing or in course of publication and the results that we use here are preliminary. Here we draw on the analysis of 675
artefacts from Umm Dabaghiyah, 509 artefacts from Jericho, and 432 artefacts from Domuztepe (the most recent summary of which is in Frahm et al., 2016) as well as 822 artefacts from Kenan Tepe . These analyses were undertaken using a portable Niton XL3t980
Goldd+ instrument to conduct ED-XRF. Details of the procedure are described in Campbell and Healey, 2016 . In brief, each artefact is read for 90 seconds in the test stand using the instrument mining mode (Cu/Zn), which utilises an internal fundamental parameters calibration. Following a further empirical calibration against a set of international standards, this data is compared to that obtained for 1209 geo-referenced source samples for which the composition has been established using the same method, version 3.4 of the MOL source reference set. This collection of source samples has benefitted enormously from access to the collection built up by Akihiko Mochizuchi and Katsuji Kobayashi (Kobayashi and Mochizuki, 2007; Kobayashi and Sagona, 2007) , in addition to the generosity of several other collaborators. While there remain areas in which we certainly require more extensive samples, this source database has helped us to attribute obsidian to less common and less predictable sources. For the artefacts, techno-morphological type and completeness are also recorded, as are the length, width, thickness and weight. The physical characteristics of the obsidian such as the presence of cortex (or weathered outer surfaces), texture and colour in transmitted light is also documented and each one photographed.
Measuring diversity
In the analysis of Middle Eastern obsidian, beyond a general awareness that increasing sample size increases the probability of getting a representative sample (Shackley, 2008) , little attention has been given to the optimum proportion of an assemblage that should be included in provenance analysis to capture the full diversity. Chataigner suggested that about 20 artefacts need to be analysed to get a realistic idea of the sources used (Chataigner, 1998: 322) . Others have recommended that 60% of an assemblage needs to be characterized to apportion the obsidian to the sources at a 95% level of confidence (Blackman et al., 1993) . Elsewhere sampling has been hierarchical, nesting different approaches (Milić et al., 2013; Orange et al., 2017) .
Measures of diversity in archaeological assemblages have a long and complex history (Orton, 2000: 171-176; Baxter, 2003: 236-243) . Many of the approaches have drawn on research in ecology, examining species diversity in specific habitats and diversity indexes have been used in a wide range of fields of archaeology (e.g., Stark et al., 1982; Rhode, 1988; Kandler and Laland, 2009; Eren et al., 2016) . There has been some use with obsidian, but to date mainly in the Americas (e.g., Eerkens and Spurling, 2008; Scheiber et al., 2011) . Different measures of diversity are available, although with very different characteristics. None are perfect and an informed choice needs to be made. However, it is often helpful that different ways of measuring diversity can emphasise different aspects of diversity and the way in which they are impacted by very different sample sizes.
Studies of diversity have emphasised two different aspects that can be measured, richness and evenness. Richness relates to the range of sources present within an assemblage. Evenness relates to the balance between the different sources, so takes frequency of occurrence into account. An assemblage in which material is more evenly distributed amongst a range of classes can be considered more diverse than one in which it is concentrated in a very limited group of classes, even if a much wider group of classes are present in very small numbers. Both aspects are relevant to understanding the role of obsidian in the past.
Richness can be most simply represented by a count of the number of categories or classes in a sample, sometimes referred to as class richness (Eren et al., 2016) . However, it is immediately distorted by the extent to which the classes are differentiated (Kintigh, 1989: 26) . This is a specific problem in obsidian analysis because we know that not all classes, in this case the obsidian source groups, are equally distinct. Some, like Göllüdağ East and West, are chemically distinct but geographically close. Others can be sources that are geographically distinct but have not always been separated in analysis. Most significantly, the important sources Bingöl A and Nemrut Dağ were often not distinguishable in the past. Even now, although they can usually be distinguished (e.g., Frahm, 2012; Orange et al., 2013; Carter et al., 2013; Robin et al., 2016) , there are individual artefacts that remain ambiguous. Yet other source areas have complex eruptive histories making precise separation of sub-sources difficult (e.g., Gratuze, 1987; Cauvin et al., 1991; Biagi and Gratuze, 2016) . And some sources remain unlocated, although clearly attested in the archaeological record. To make it more complicated, exploitation in the past can sometimes be from secondary deposits, such as river beds, rather than primary flows. Furthermore, access to individual flows within a single area may have been approached through different routes and negotiated through different social groups, giving distinct meanings to sources that we may now consider a single group.
Decisions in contemporary archaeological studies about what constitutes a source will inevitably be arbitrary and may be misleading and lead to different interpretations of diversity.
A simple richness index, based on the count of different classes that are present in a sample, is also heavily impacted by sample size and small numbers will routinely underestimate the true richness of an assemblage. One simple way of dealing with this effect is to sample to redundancy by increasing the sample size to the point at which no more obsidian sources are encountered. In practice, this will be very difficult to achieve, not least because samples sizes are often limited by practical factors such as extent of excavation and laboratory time. In terms of site assemblages, at least, we may be approaching redundancy with some of the larger sample sizes that are available. In the Manchester analysis of Umm Dabaghiyah obsidian, we analysed 675 artefacts (ca. 80% of the recorded obsidian from the site) and only recorded the use of five sources of obsidian. This is probably quite close to the full range of obsidian sources exploited at this site. However, it is important to note that the fifth obsidian source only appeared with the 515 th artefact to be analysed. At Kenan Tepe, the final new source was identified in the 574 th artefact in a sample of 882 (which constituted ca. 50% of the entire assemblage; Campbell and Healey, 2016) . Therefore, even when we are analysing very large quantities of obsidian that start to approach the total excavated assemblage, the sample sizes may approach the level of redundancy but probably not actually reach it.
An alternative approach has been to estimate the number of classes that may be unrepresented in a sample. This has been done in both archaeological (e.g., Eren et al., 2016) and ecological contexts using the Chao 1 estimator (Chao, 1984) . Where any classes in a sample are represented by a single example (a singleton), an estimate of missing classes is calculated by counting the number of classes with a single or double occurrence (a doubleton). This is added to the observed richness as an approximation of the number of undetected classes that might be present in a complete assemblage. Where no classes are represented by a singleton, the observed richness is considered roughly correct.
Several approaches have been used to measure the evenness of a sample. The Shannon index of diversity (also referred to as Shannon-Weiner's index) has perhaps been the most common (Orton, 2000: 237; Chao et al., 2014 ). An assemblage where only a single class of obsidian is found would have a Shannon's index of zero, with increasingly large values corresponding to increasing diversity.
This index is heavily influenced by the frequency with which classes occur, so it is a good measure of the number of common sources in use at a site. Simpson's index of diversity shares similar characteristics (Orton, 2000: 237; Chao et al., 2014) , in that it places more emphasis on the major classes that are present and the evenness of the distribution between them, and correspondingly tends to discount the influence of rare sources. This also means that both indexes are less influenced by smaller sample sizes that do not approach redundancy. In the form of Simpson's index of diversity used here, zero again corresponds to the presence of only a single class of obsidian, while one is the maximum value, where obsidian is divided exactly evenly between several classes.
In this context, these ways of measuring diversity usefully map onto different elements of this discussion. Shannon's and Simpson's indexes provide useful ways of comparing diversity amongst the major obsidian sources in use at any one site, or between individual phases at a particular site.
This means that the presence of a tail of sources that only rarely occur should not dominate the measure of diversity of supply. Equally though, a simple richness index coupled with the Chao 1 estimator may allow us to understand the total range of sources that were exploited, and take account of the occurrence of rare sources.
However, not all diversity indexes will represent the same thing, even when they allow us to compare different sites more directly, because the location of sites in relation to the potential sources varies. A site, such as Domuztepe, that is positioned between the central Anatolian and the eastern Anatolian sources, will have a wider potential set of sources at similar distances to draw on.
This variability cannot be easily excluded from influencing the analysis and must be explored in interpretation.
The dataset
The selection of sites used here (Table 1 ; Fig. 2 ) is drawn from two broad regions, Mesopotamia and the Levant. The sites in each region obtained their obsidian from a broadly similar direction and, although distances to individual sources obviously vary, both central and south-east Anatolian obsidian is utilised. Sites close to particular source areas such as Çatalhöyük (Carter and Milić, 2013b) or where the relationship is with very different source areas have been excluded here (e.g., Sos Höyük, Kobayashi, 2006) , even where sample sizes might be quite large. At this stage in our analysis, the selection of sites is not comprehensive as in this paper our intention is simply to explore approaches and suggest patterns.
Geographically we have made a broad distinction between Mesopotamian and Levantine sites in
Figures 2 and 3. This is rather arbitrary and to some extent is structured in this way to give coherence to assemblages unequally distributed in time and space. It is viewed as a heuristic device to help explore the differentiation of two notionally different distribution networks that may have existed. As availability of large samples increases, we would expect more nuanced geographical distinctions to be vital. Sites in the middle Euphrates valley and east of it have been grouped as Mesopotamian. In these figures, Domuztepe is categorised as a Mesopotamian site in Figure 3 but this is essentially arbitrary. It would be equally reasonable to class it as Levantine as it lies in the northern extension of the Great Rift Valley and may provide an important insight to a region through which supply to the southern Levant may have flowed. In the discussion below, it is sometimes also considered as a site at the north of the Levantine corridor rather than being in one or other region.
In what follows regional patterns are viewed as flexible, with the strict regional divisions downplayed.
In general, we have not at this stage re-examined primary elemental data so the original analyst's interpretation of source assignation has been accepted. Analyses which do not distinguish Bingöl A from Nemrut Dağ have not been used. In instances where these two sources have been distinguished in an assemblage but where there are a few unresolved cases, the latter have been divided between the two sources. Artefacts not assigned to a specific source have been excluded entirely. While these may genuinely represent unknown sources, they can be considered more generically to be compositions that do not easily cluster with known sources. This could be for several reasons, including lack of samples from particular geological sources in the original study as well as issues of possible sample contamination or analytical bias.
In this initial study, small sample sizes have been excluded because of issues in determining their level of bias and the potential impact on diversity indexes. The cut-off used has been rather arbitrary at about 20-30 analysed samples for a site. While smaller samples may still be useful, there are often real problems around how the samples have been selected. Sometimes it is explicit that this has been done to select a diversity of physical types, or to exclude too many peralkaline obsidians as they are known to come from only two sources. We know from our work on the Domuztepe assemblage that, while this can be very effective at revealing a diversity of sources in a small sample, it can also distort this significantly and measures such as the Chao 1 estimate are very sensitive to singletons.
Dating the different assemblages is an enormously complex topic. We have attempted to split major phases of occupation at individual sites as much as possible, so the unit of analysis is generally the phase rather than the site as a whole. However, phases do vary significantly in length and at present cannot be studied on the level of individual occupational events. The dates assigned in creating Figure 3 are single date approximations, based, where available, on absolute dates from the sites and the phases represented. In reality, they all represent ranges and might realistically move slightly on the x-axis if they reflected a more nuanced view of the chronology. In the context of the general trends discussed here, this is felt to be sufficient but is open to revision in future, particularly as finer resolution becomes possible amongst obsidian assemblages.
Results and Discussion
Major sources
Most assemblages have one or more sources that clearly dominate the assemblage (Fig. 4) . Very often these major sources make up more than 90% of the total analysed assemblage and, as a general rule, we have taken 10% as the boundary at which the contribution of a single source can be considered major for the purposes of this discussion. While this is an arbitrary division, used mainly to give structure to the discussion rather than as a fundamental statement, the identification of the major sources is rarely ambiguous and may be a useful empirical measure.
The reasons for particular sources dominating at an individual site are probably quite complex.
While it may simply be a factor of distance, reflecting travel time and cost, with the closer sources providing most of the obsidian, it is clear that this is not necessarily the case and other considerations may have been relevant. It might reflect a preference for obsidian with desirable physical qualities, perhaps functional but possibly also aspects like colour. Equally a site might have had privileged access to a particular source through specific social networks that made it preferable to a closer alternative, or access may have been embedded in the seasonal movement of nomads.
Interpretative models of obsidian distribution have tended to portray obsidian use as long-term trends (e.g., Renfrew et al., 1968; Renfrew, 1975 Khalidi et al., 2016) . While that may partially be true, we need to be aware that this has also been an assumption required to allow us to generalise from limited samples. In fact, there is reason to think that obsidian use can fluctuate significantly in quite short time spans. For example, in the overall pattern of obsidian use in north Iraq, the very high quantities of obsidian at Magzaliyah is difficult to reconcile with both preceding and following periods (Healey, 2007) .
In the more detailed understanding of the use of different sources of obsidian at individual sites, the contextual understanding of obsidian use requires a much larger sample size. From the perspective of a whole site, this is not immediately apparent. Previous studies of the obsidian from Umm Dabaghiyah in northern Iraq involved the provenance analysis of seven artefacts, all 'informally' collected from the surface of the site (three artefacts in Hall and Shackley, 1994 ; four artefacts in Khalidi et al., 2016) . This determined that four artefacts were of obsidian from Nemrut Dağ, two from Bingöl B and one from Bingöl A. Our new analysis of 675 artefacts adds precision. The three obsidian sources identified in previous studies are confirmed as the dominant sources.
However, it also showed that Bingöl B was consistently the main source of obsidian used at the site.
Although further work remains to be completed, the dominance of Bingöl B obsidian probably increased through time, with Bingöl A and Nemrut Dağ becoming increasingly less significant.
Whether there is any spatial structure in the use of obsidian across the site remains to be confirmed.
We do know, however, that there was no techno-morphological difference in the use of the obsidian from the main sources.
At Kenan Tepe, obsidian from a limited set of sources dominate the assemblage throughout the occupation of the site. However, broken down into sub-phases during the Ubaid occupation, the use of sources fluctuated very considerably over a relatively short time period (Fig. 5; Campbell and Healey, 2016 ). This does not appear to reflect a systematic long-term diachronic change but differentiation between different sub-communities that have been sampled within the Ubaid period, perhaps reacting to short-term factors, including season, but also reflecting their different social networks.
When the use of different sources has been broadly sketched out as a long-term phenomenon, there is a general tendency to see additional sources being used over time. This can be approached more formally by looking at trends in the diversity of sources used in different areas through time (Table 1 ; Fig. 3 ). As discussed above, Shannon's and Simpson's diversity indexes are particularly appropriate to look at the major sources that were exploited, as they accentuate the evenness of use of the most common classes. In fact, Shannon's and Simpson's diversity indexes reassuringly
show an almost identical pattern. While many of the elements of this pattern have been previously noted, it is useful to have a systematic and extensible overview, with additional data drawn from sites not included in the formal diversity analysis.
In the Later Upper and Epi-palaeolithic the evidence is very sporadic and obsidian use low, but already we see different sources being used. In northern Mesopotamia, obsidian was found at Shanidar Cave likely from context C (Upper Palaeolithic), although we cannot rule out the possibility of contamination due to the nature of the excavation. Two flakes were provenanced by Renfrew to different sources (Renfrew et al., 1966 , number 303 to his group 4c, the other, 304, to his group 1e-f; Chataigner, 1998: 293-294 suggested that the most likely attributions were Nemrut Daǧ and Süphan Dağ respectively). Reanalysis by MOL allows us to attribute them to Bingöl A and to Sarıkamış 1. In the Levant on the other hand, a scraper of Epipalaeolithic date from Yabroud II came from Göllüdağ East (Frahm and Hauck, 2017) but, a little later and equally far from source, a corerejuvenation flake from the Öküzini cave in south western Anatolia is provenanced to Nenezi Dağ (Carter et al., 2011) . Even earlier, Göllüdağ East obsidian is present in the Aurignacian and later levels at the Öküzini and Karaın B caves (Carter et al., 2011: 135; Renfrew et al., 1966: 42) .
In the Natufian, PPNA and PPNB periods, the Levant shows a very heavy concentration on only a few sources and, in particular, a focus on Göllüdağ East. Tell Labwe South in the PPNB phase is the main exception, with a relatively high diversity index; Shannon's index is 0.80 for the PPNB phase of this site. This might be because of its location in the northern Levant but perhaps because it may be rather late PPNB in date and belong to a changing pattern of obsidian distribution. The pattern in northern Mesopotamia at this time is rather more varied, even in the Aceramic Neolithic, with most sites exploiting more than one source to a significant level. This does not simply reflect the different distances to sources. While the Mesopotamian sites do have somewhat more equidistant access to a wider range of sources (Fig. 2) , the distance from Bingöl to the southern Levantine sites, for example, is not sufficiently greater than the distance from Göllüdağ to account for such dominance of the latter source. And in both cases access in its initial stages is through similarly mountainous terrain. Instead, the network distributing Göllüdağ East obsidian seems to penetrate much more efficiently into the Levant, perhaps due to the use of sea routes but very probably because of social links.
In northern Mesopotamia in the Aceramic Neolithic, obsidian from Bingöl B was preferred to that This diversity becomes more marked between ca. 7000 and 4500 cal BC in Mesopotamia too.
Sites tend to utilise several major sources with a relative balance between them. Not surprisingly Bingöl A, Bingöl B and Nemrut Dağ are common suppliers but Meydan Dağ sees significant use at Arpachiyah. For the first time Group 3d, an obsidian source as yet not definitively located Campbell and Healey, in prep.; Khalidi et al., 2016: 747) , sees large scale use at Kenan Tepe. It is clear from the breakdown of obsidian use during individual phases at Kenan Tepe that the precise balance of obsidian source use varies but the diversity profile of relatively even use of varied sources remains characteristic. At this stage, it is not only the case that diversity of the obsidian sources used increases, but it is driven by an increasing use of peralkaline obsidian sources in northern Iraq and north-east Syria, with obsidian from Nemrut Dağ at least starting to be utilised in large quantities.
When discussing long-term trends, later prehistoric and historic periods have tended to be neglected. Obsidian remains widely exploited in the Late Chalcolithic and Early Bronze Age, although there is also a shift to more extensive use for decorative items in both Mesopotamia and the Levant.
There are indications that the large scale use of sources changes significantly, although patterns are not yet completely clear. In the Assyrian Trade Colony period, for example, stores of obsidian in the palace workshops at Kültepe-Kaneš (Özgüç, 1996) and the Level VII palace at Alalakh (Woolley, 1955) suggest that it had become commodified. At Tell Mozan in northern Syria obsidian from a diverse range of sources including Göllüdağ East has been recorded (Frahm and Feinberg, 2013a) which Zarins determined to be of Red Sea obsidian (Zarins, 1989: 367-368) . Renfrew also provenanced an unstratified chip from Ḫattuša which he attributed to his Ethiopian group 4d, (Renfrew et al., 1966: no. 295 ).
Minority sources
While obsidian from a small number of sources tends to dominate assemblages across the Levant and Mesopotamia, in almost every assemblage there are also artefacts from sources which do not contribute in any major way to the supply of obsidian in the region under discussion. While these sources were probably never economically significant, they may be informative in a number of ways (Tykot, 2011; Milić, 2016) . Sometimes it is simply a matter of a few artefacts from well-known sources which are only rarely used outside their immediate locality, such as some of the Armenian obsidians (Frahm et al., 2016) . On other occasions, however, the artefact(s) may be from a source which has not been well studied such as those in north-east Anatolia, including Sarıkamış, Kars and
Pasinler (Chataigner et al., 2014) , and eastern Anatolia, including Muş and Tendürek Dağ. The use of obsidian from these lesser known sources, as we have seen in the case of the beads from Kish, emphasizes that a comprehensive geo-referenced source dataset is essential for recognition of these sources and the correct assignment of artefacts to source (cf., Frahm, 2012b ).
There are a number of possible approaches we can adopt to interpreting the use of these sources. One is to consider each source, or group of sources when they occur in a similar geographic region, on their own merits as the potential centre of a regional network of exchange and interaction. If obsidian distribution was driven through exchange between settlements, rather than simply directional acquisition from source, distribution networks might be dominated by the more accessible major sources within an individual region but this need not be to the exclusion of other obsidian. The edges of the regional networks may be porous. The presence of obsidian from these minority, sometimes 'exotic', sources may represent the slipping of some obsidian from one distribution network in which it is in a majority, into another one in which it is very rare. In this case, the occasional artefact of these obsidians in a site assemblage might provide indications that lateral exchange between settlements was taking place (as, for example, in the case of the Armenian obsidians at Domuztepe). It has been recently emphasised that simple down-the-line models cannot account for the distribution of obsidian over long distances, requiring instead at least some nodes that create links over longer distances (Ibáñez et al., 2015; Ortega et al., 2016) . This places particular interest on settlements which may have been able to develop and maintain distant exchange links that bridge different regional exchange networks.
However, we should also remember that obsidian distributions may reflect, no matter how indirectly, some knowledge of its origin and the network through which it was obtained. This has already been noted as a possibility in the cases of the Rouj Basin and Akarçay Tepe (Maeda, 2003 (Maeda, , 2013 and Körtik Tepe . We might even consider that physical characteristics that may distinguish some of these minority sources may have influenced the role that obsidian played.
At Domuztepe, for example, there is a high correlation between brown or mahogany obsidian and sources in north-east Anatolia, particularly Pasinler, and in Armenia, particularly Pokr Arteni (Healey and Campbell, 2009; Frahm et al., 2016) . Although brown and mahogany coloured obsidian also occurs at other sources that were utilised at Domuztepe, such as Meydan Dağ and Göllüdağ East, they are extremely rare in the provenanced artefact assemblage, so this choice might indicate a motivation rooted in socially ascribed value. The colours may have been selected on a subtle but specific level that is more refined than our rather generalised modern perspective. Possibly the selection was not simply about physical characteristics but that physical appearance materialised specific social networks and much longer distance connections. Something not dissimilar has been noted for obsidian at Göbekli Tepe in south-east Turkey. Tristan Carter has suggested that the diversity of obsidian sources evidenced at the site is directly linked to that site's supra-regional connections (cited in Notroff et al., 2015: 73; see also Carter et al., 2013: 567) .
A system of obsidian acquisition need not simply be about minimising the cost of acquisition of a necessary material and may well be guided by diverse motivations. It represents a complex product of the values placed on material by society and may involve multiple modes of acquisition and systems of value. The major obsidian source exploitation might be driven by one set of motivations, while the acquisition of minority types of obsidian may be driven by a very different set of considerations.
While tracking the wider use of specific sources can be helpful, the range of obsidian use at individual sites, and potentially contexts within a site, is something that is valuable to look at as a characteristic in itself. For the use of minority sources of obsidian at individual sites, we are mainly concerned with measures of richness (i.e. the number of obsidian sources used at that site), both the richness index itself and the Chao 1 estimate of the underlying pattern (Fig. 3) . As with Shannon's and Simpson's indexes, the patterns that these produce are largely similar. Although the use of Chao 1 estimates emphasises some patterns, they are generally already visible in the simple richness index.
In general, richness increases significantly over time but this is not a simple unilinear trend. While the earliest sites included in our diversity graphs are the Natufian assemblage from Mallaha and the Proto-Neolithic from Jericho, entirely comprised of Göllüdağ East obsidian, it has been noted above that, prior to this, Nenezi Dağ obsidian was used at the Öküzini cave (Carter et al., 2011) and obsidian from two different sources was present at Shanidar (Renfrew et al., 1966; There appears to be a decline in richness after the late 5 th millennium cal BC, particularly visible in the Chao 1 estimates of sample richness. While we suspect that this may reflect a genuine trend, it may also be associated with sampling. Samples sizes in this period are smaller and the Chao 1 estimate works using singleton and doubleton appearances of obsidian sources. If the sample size is too small, even singletons may not appear. The later samples are also rather scattered and the pattern may be influenced by geographical bias. However, this decline in richness occurs in a period in Mesopotamia, when new major obsidian sources seem to be exploited. The whole dynamic of obsidian distribution networks may have been changing in the context of increasingly complex societies, which probably integrated increasingly large areas.
The increasing diversity in richness broadly corresponds with the trend identified above for an increased range of major sources to be used over time, with a more even spread between sources.
At the same time the increased richness of minority source use, may suggest changes in the value ascribed to obsidian from more exotic locations. Changes in long distance contacts, perhaps linked to new routes and new forms of mobility, may have promoted long distance links between some communities that resulted in more 'leakage' of neighbouring obsidian exchange networks into those of Mesopotamia and the Levant.
When rare obsidian occurs, it comes from a wide range of sources. Eventually we must seek explanations specific to individual sites and individual obsidian sources, but different categories of rare sources may be noted. Some are similar distances to more common sources but might be harder to access or depend on the development of different routeways. For sites that already made use of eastern Anatolian sources, the use of Meydan Dağ and Tendürek Dağ (Diyadin) obsidian may fall into this category. Sometimes, this increased diversity is specifically associated with exploitation of obsidian of lower quality. Both Group 3d and Muş obsidian probably falls into that grouping as ease of access was probably very similar to the more common Bingöl and Nemrut Dağ obsidians.
These shifts might reflect procurement embedded in other activities (e.g., herding or trading for other commodities along new routeways), curiosity about exploring and exploiting the landscape or perhaps an occasional need to exploit alternative resources when preferred resources could not be accessed.
Over time, there appears to be a growing tendency to acquire obsidian from minority sources that are much further distant, where we might expect any supply to be overwhelmed by closer sources, particularly the north-east Anatolian and Armenian sources (Frahm et al., 2016) . Not only are the sources much more distant from Mesopotamia and the Levant but the shortest routeways to these areas run very close to the major sources at Bingöl and Nemrut Dağ (Fig. 2) . In the early 6th millennium cal BC, their use is particularly characteristic of a Levantine corridor with Domuztepe at the north (Frahm et al., 2016) . This might suggest that indirect routeways were appearing that might by-pass the major eastern Anatolian sources.
Many of these minority sources almost only ever appear as rare obsidian at sites in Mesopotamia and the Levant. However, occasionally they can occur as a significant source. Thus, at Kenan Tepe, Group 3d obsidian is consistently a major component of the obsidian assemblage and, in the Ubaid Phase 4, it is the dominant type used . It may be a short-term temporal change, perhaps driven by factors restricting access to preferred obsidian supplies. At Arpachiyah in northern Iraq, Nemrut Dağ, Bingöl A and B all provide significant quantities of obsidian. However, both the previous analysis of obsidian from the site (Renfrew et al., 1966; Renfrew et al., 1968; Forster and Grave, 2012; Khalidi et al., 2016) and the larger sample that we have studied more recently suggest that Meydan Dağ was also a major supplier. By the 3 rd and 2 nd millennia cal BC in Mesopotamia, Armenian sources such as Syunik, previously very rare, also seem to become significant suppliers.
Conclusions
The presence of obsidian artefacts in communities distant from its sources has become a proxy for exchange. However, this has tended to isolate obsidian as only being about isolated resource procurement. Its acquisition would rarely have been in isolation but in parallel with other activities, such as seasonal mobility and social obligations. It was also certainly not the only commodity moving across long distances, with shells being particularly well attested in prehistoric periods in the Middle East (Bar-Yosef Mayer, 2005 , 2008 Delage, 2017) . We also need to avoid a focus on a purely functional view of exchange. Exchange is bound up with social relationships and socially imposed meanings of material.
As it has become more common to provenance large numbers of artefacts from a single assemblage or even complete or near complete assemblages, new interpretative possibilities develop that accord more closely with the focus of contemporary archaeology (cf., Tykot, 2011) .
Thus, we have seen that communities may acquire obsidian in different forms from different sources, for example at Körtik Tepe (Carter et al., 2014) and Tell Hamoukar the reduction of raw nodules implies direct access to the source, whereas at nearby Tell Brak this is not the case (Khalidi et al., 2009 ). Other communities may choose a particular obsidian for a certain task. There are striking examples from the late Neolithic settlement in the Rouj basin and at Akarçay Tepe where people made deliberate choices in what they used obsidian from different sources for (Maeda, 2009 (Maeda, : 144, 150, 153, 2013 .
Provenance analysis of large assemblages of obsidian allows a new focus on the use of unusual and rare sources. We certainly agree with the recent suggestion that obsidian exchange systems in general provide key insights into the importance of networks of interaction in the success of the Neolithic in the Middle East (Ibáñez et al., 2015) . The regular but rare presence of obsidian from exotic sources, particularly from the late Neolithic onwards, suggests that the ability to create bridges across regional networks may have remained equally important in creating and maintaining social ties over long distances.
The study of large assemblages focusses attention on both on the techno-typological make-up of the assemblages and on the sources themselves. To develop our understanding and interpretation of the acquisition and use of obsidian, it will be important to integrate the techno-typological composition of assemblages with provenance analysis in order that models of network analysis can use a full range of data to maximize our understanding. Equally, detailed work on the sources as at
Göllüdağ (Binder et al., 2011) and Nemrut Dağ and elsewhere needs to be continued and developed alongside comprehensive documentation of the archaeological use of the obsidian from these sources. However, most sources remain less well known, and this particularly impacts our understanding of the more rarely used sources. These are not only poorly known in geological and compositional terms but their local exploitation is often poorly documented because archaeological surveys and excavation of sites close to the sources has often been less intense. This makes it hard to understand how different networks of obsidian distribution overlapped and interacted.
Large assemblages also require the development of different tools to summarise, integrate and compare greater quantities of data. Here, we have explored the use of diversity indexes to help understand the variety of obsidian exploitation and how it changes. The assemblages considered remain relatively few in number. Much of our analysis has retained the site as the main unit of analysis, not only because our work is still developing but because the contextual information that is required for more subtle analysis has not always been available.
The results of our analyses do not alter the perception that the bulk of obsidian in the Middle East was obtained from four predominant sources: Nemrut Dağ, Bingöl A and Bingöl B in the east and Göllüdağ East in central Anatolia. However, they do show a much more fluid and nuanced picture of the extent to which these sources were used. In many ways, research is still at a preliminary stage, full of potential but needing a rapid expansion of data and interpretation. As well as the need to analyse more artefacts from assemblages we should also integrate their technotypological characteristics into the broader narrative of social meaning. So too, the investigation of the relationship between sites and sources over time needs to be sensitive to short-term change and contextual specificity. As important is the increasing recognition of obsidian from minority sources.
In previous studies these have been under appreciated but they may provide information on how Table 1 ; Circles: Mesopotamia sites with diversity indexes in Table  1 ; Squares: other sites mentioned in the text). 
